developmental potential and do not require intricate manipulation to differentiate into the tissue of origin [6] [7] [8] . In tumor CR cell cultures, phenotypic and genotypic features of the primary tumor are maintained 7 and the technique has recently been used to identify an appropriate therapy for respiratory papillomatosis 14 . Therefore, it is clear that potential applications of the CR method are far-reaching, and, as described by independent laboratories, it can be adapted for live biobanking 7 and basic research [15] [16] [17] [18] [19] [20] [21] , as well as for diagnostic 22, 23 , therapeutic 21, 24, 25 and regenerative medicine 21, 26, 27 .
Overview of the procedure Figure 1 shows an overview of the protocol beginning with a pathologist evaluating tissue biopsies grossly and microscopically. The biopsies are then bisected: one half is fixed in formalin, processed, paraffin-embedded and examined histologically. The pathologist evaluates the viability of the cells and the percentage of the biopsy sample that is composed of tumor cells. The other half of the specimen can be frozen at this stage, or dispersed into single cells by enzymatic digestion and plated in medium containing irradiated Swiss 3T3 J2 mouse fibroblasts (feeder cells) and Y-27632 (ROCK inhibitor). Epithelial cell colonies are readily visible after 2 d, and cultures usually reach confluence in ~5 d. During this time, results of the histological analysis refine the initial determination of the tissue as normal, malignant or mixed. Subsequently, short tandem repeat (STR) profiling, comparative genomic hybridization and spectral karyotyping can be performed on both the original tissue and the corresponding CR cells to authenticate the derivation of the cultured cells.
Beyond supporting the rapid expansion of primary epithelial cells in vitro, the CR method conditionally induces long-term proliferation. For example, as shown in Figure 2a , primary prostate and mammary cells were passaged every 3 d in CR coculture at 1:4-1:32 dilutions and continued to proliferate at the same rate for at least 110 d and 100 population doublings until the experiment was terminated. STR analysis of the prostate cells at passage 33 confirmed genetic stability of the CR cells as compared with the initial population 7 . By contrast, only 20 population doublings were supported by traditional cell culture media (Fig. 2a) . The morphology of epithelial cell colonies growing in CR coculture with feeders at passage 4 (eight population doublings) is shown in Figure 2b .
Importantly, CR cells retain lineage commitment and differentiate into the tissue of origin when removed from CR culture [6] [7] [8] .
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Steps: [15] [16] [17] Steps: 13 and 26 Steps: 18 For example, Figure 3a shows that CR keratinocytes form follicular and epidermal lineages when grafted as dermal-epidermal composites, as described earlier for non-CR keratinocytes 28, 29 .
In addition, a well-differentiated prostate epithelium that expresses the androgen receptor forms when CR prostate cells are injected below the renal capsule of an immunodeficient mouse 30 (Fig. 3b) . Finally, CR tracheal-bronchial cells differentiate into both ciliated cells and mucocytes in vitro 27, 31 (Fig. 3c,d , Supplementary Video 1).
Comparison with other methods
The most common method of immortalizing cells has been transformation with SV40 virus large T antigen or overexpression of hTERT 32, 33 . However, these genetic manipulations lead to genomic instability, such that after a few passages there is an irreversible loss of critical biological and genetic characteristics as compared with those of the primary tissues from which they were derived 34 . Most primary cell cultures, regardless of the method used to generate them, are difficult to maintain, as they have a limited life span because of a gradual decrease in proliferation, eventually leading to senescence 34, 35 .
Both ES and iPS cells can be propagated in vitro and retain a normal karyotype. They can differentiate into several germ layers and show great potential in regenerative medicine 36, 37 . However, with limited exceptions, it is not feasible to precisely direct their differentiation into specific adult tissues. In addition, the use of human ES cells can, in certain cases, be prohibited for ethical reasons 38 . Generation of iPS cells from adult tissues usually requires transduction with exogenous genes that can alter cellular TBC   140  120  100  80  60  40  20  0  0  20  40  60  80  100  120   120   100   80   60   40 growth and differentiation properties 37 , unlike the generation of CR cells, which maintain lineage commitment. More recently, a defined chemical method has been used to generate iPS cells and, although promising, further testing and verification are required before this reprogramming method can be used in regenerative medicine 39 . In recent years, PDXs have emerged as a system that in some respects serves as a better model for cancer studies than cultured cells 40 . They often preserve the molecular and cellular basis of tumor heterogeneity 41 and have been shown in certain cases to predict therapeutic responses 42 . However, as PDX models are established from tumors as subcutaneous xenografts in mice, the normal tissue counterpart and surrounding interacting stroma of each patient is missing. Humanized PDX models are costly, difficult to develop and not amenable to high-throughput platforms; in addition, their success rates frequently fall below 30% 42, 43 .
Clevers [44] [45] [46] , Guo 47, 48 and colleagues have successfully established 3D organoid cultures of epithelial cells using Matrigel or collagen. The organoid culture method supports the growth of both normal and cancer tissue, and cultures can be manipulated at the genetic level by transfection 49 . Although organoids are also useful for evaluating drug responses, they are not readily adaptable to high-throughput screening.
Limitations of the CR method
A limitation of the basic CR method is that the outgrowth of human stromal cells in biopsies is inhibited. This phenomenon was observed decades ago and was attributed to the J2 feeder cells 11 . Thus, although overgrowth of tumor-associated fibroblasts is inhibited, which allows selected propagation of epithelial carcinomas, it is difficult to assay the influence of stromal cells on tumor cell growth and their effect on the response of the tumor cells to therapeutic agents. However, previously unpublished modifications of the CR method have allowed some stromal tumors to be propagated, opening new possibilities for the examination of direct epithelial/stromal interactions ( Table 1) .
Another limitation of the method is that the use of the Y-27632 might potentially interfere with migration and invasion assays of tumor cells, as it alters the actin cytoskeleton. Interestingly, however, we have been able to distinguish normal and tumor cells in invasion assays even in the presence of Y-27632, suggesting that this biological activity is not blocked under CR conditions ( Supplementary Fig. 1) .
Finally, the CR method allows the outgrowth of both normal and tumor epithelial cells, which means that cultures of biopsies will often contain such mixtures. Indeed, the replication of normal cells can sometimes exceed that of tumor cells, and thereby the normal cells eventually overtake the culture. However, previously unpublished, minor modifications of the standard CR method (such as eliminating the feeder cell component) can select for certain tumor cells in a mixed population ( Table 1, Fig. 4 ).
Experimental design
It is important to examine the biopsy material histologically, as in our experience ~25% of the tumor biopsies of primary prostate carcinomas from whole prostatectomy specimens contained no tumor cells. Similarly, 50% of the prostate carcinoma biopsies contained fewer than 10% tumor cells. Biopsies of normal regions of the prostate from the same patient usually contained mostly normal cells, but there were samples in which tumor cells were present ( Fig. 5 , Table 2 ).
Irradiated J2 feeder cells should be plated at a confluence of 70-80% for optimal CR coculture ( Fig. 6a) . Feeder cells support epithelial cell growth, and colonies form rapidly as a consequence of proliferation and subsequent migration and merging of small colonies into larger colonies (Fig. 6b, Supplementary Video 2) . By contrast, feeder cells inhibit the growth of fibroblast and stromal cells, as shown for gastrointestinal stromal tumor (GIST) cells in Figure 6c . It is clear from these results that GIST cells proliferate in CR medium only in the absence of feeders. Removal of feeder cells is also optimal for the growth of cells from the pancreas and colon (Fig. 4) .
In addition to these changes, we found that it is possible to replace FBS with a defined serum replacement (knockout serum replacement; KSR) in all CR cocultures containing J2 cells (Fig. 6d) . Furthermore, J2 cells can be replaced by medium conditioned by irradiated J2 cells (conditioned medium; CM) for established CR cultures (i.e., after three passages using standard coculture conditions), thereby eliminating the need to constantly maintain and irradiate J2 cells 50 . CM is critical for growing some cells in low O 2 and makes high-throughput assays much simpler, as any background that could be attributed to feeder cells is eliminated. However, unless CM is specifically listed for a cell type in Table 1 , standard coculture conditions should be used. Thirty-seven cases of primary prostate cancer were enrolled in the present study. A board-certified pathologist at Georgetown University Medical Center (B.K.) collected biopsies from four sites for each case: two that were deemed malignant and two that were deemed normal. For each biopsy, slices were made for CR culture and for histological evaluation. Using hematoxylin to stain proteins, filaments and intracellular membranes (pink) and eosin to stain nuclei and nucleic acids (blue), the percentages of tumor cells in the biopsies were determined according to standard histopathological criteria (table 2). Representative histological images are shown for patient PP-004. Scale bars, 100 µm; scale bars apply to images directly above. Tissue specimens were collected with the informed consent of patients, according to Georgetown University Institutional Review Board protocols. xCELLigence real-time cell analysis (RTCA) dual-purpose (DP) complete system (Acea Biosciences, cat. no. 00380601050) REAGENT SETUP Complete DMEM (1×) Mix 500 ml of DMEM, 50 ml of FBS, 5.5 ml of l-glutamine and 5.5 ml of pen/strep. Store the mixture at 4 °C for up to 4 months. Hydrocortisone/EGF mix (1,000×) Dissolve hydrocortisone in 100% ethanol at a concentration of 0.5 mg/ml. Mix 1 ml with 19 ml of DMEM containing 2.5 µg of EGF. Store sterile 1.1-ml aliquots at −20 °C for up to 1 year (hydrocortisone = 25 µg/ml; EGF = 0.125 µg/ml). protocol Complete F medium (1×) For 500 ml, mix 373 ml of complete DMEM, 125 ml of F12 nutrient mix, 0.5 ml of hydrocortisone/ EGF mix, 0.5 ml of insulin, 0.5 ml of amphotericin B, 0.5 ml of gentamicin and 4.3 µl of cholera toxin. Filter-sterilize the solution using a 0.2-µm sterile filter and store it at 4 °C for up to 2 weeks (final concentrations: insulin, 5 µg/ml; amphotericin B, 250 ng/ml; gentamicin, 10 µg/ml; cholera toxin, 0.1 nM; EGF, 0.125 ng/ml; hydrocortisone, 25 ng/ml). After adding the ROCK inhibitor Y-27632 at a final concentration of 10 µM, the medium may be stored at 4 °C for up to 2 months. Sample collection (transport medium) Mix 500 ml of DMEM, 20 ml of pen/strep mix (100×), 2 ml of gentamicin (10 mg/ml), 1 ml of amphotericin B (250 µg/ml) and 1 ml of nystatin (50 mg/ml). Store the medium at 4 °C for up to 1 year. Add 10 µM Y-27632 immediately before use. Cryopreservation medium Mix 90% FBS, 10% DMSO and 10 µM Y-27632. Store the medium at −80 °C for up to 6 months.
MaterIals

REAGENTS
Collagen-coated flasks/wells Prepare 1 mg/ml collagen I solution using sterile deionized water, and store it at 4 °C overnight. Cover the bottom of a flask/dish with diluted collagen I (1 ml for a T25 flask; 0.5 ml per well of a six-well plate) and keep it at room temperature (18) (19) (20) (21) (22) Fresh tissue handling, transportation and shipping • tIMInG 0.5 h  crItIcal Only de-identified, coded, consented and institutional review board-approved specimens should be used in this protocol. Undertake the following steps in sterile conditions within 12 h after surgery. 6| Quickly rinse resected tissue sample(s) with 95-100% ethanol (up to 3 s) and then with cold (4 °C) PBS, and transfer to a sterile Petri dish. Using a set of forceps and a scalpel, remove residual fat tissue. ! cautIon Do not extend ethanol rinse time longer than 3 s.
7|
Cut fresh specimen/s into small (<10 mm) pieces.  crItIcal step Every unfixed human tissue should be handled with caution to prevent risk of infection from blood-borne pathogens. Wear a protective coat and handle human tissue specimens with gloves.
8|
Dissect the tumor lesions from surrounding normal tissues as thoroughly as possible. Use at least one section from each sample for pathology.
9|
If you are handling paired normal and tumor samples from the same subject, place each sample in a separate, clearly labeled container. The matching normal tissue should be taken from a site that is as far from the tumor lesion as possible.
10|
Place all specimens (in separate containers) with 4 ml of sample collection (transport) medium. Close the lids of the containers tightly.
11| Package the samples with wet ice bags (4 °C) and ship using priority overnight delivery.  crItIcal step Never snap-freeze or fix the samples before shipping. 12| If you are unable to process the specimen immediately upon receipt (optimal), place it in cryopreservation medium (Reagent Setup). Freeze it on dry ice and store it at −80 °C for up to 1 week, or freeze in liquid nitrogen for long-term storage.  pause poInt Cryopreserved tissue specimens may be kept indefinitely.
13|
To isolate primary cells from human prostate, breast, lung, salivary gland, cervix and liver tissue, follow option A; to isolate primary cells from human colon and pancreas tissue, follow option B; and to isolate primary cells from cryopreserved human tissue, follow option C. ! cautIon Swiss-3T3-J2 mouse fibroblasts should be regularly checked to ensure that they are not infected with mycoplasma.
? troublesHootInG 18| Maintain coculture/s at 37 °C, 95% humidity and 5% CO 2 until confluent. ! cautIon The cell lines generated should be regularly checked to ensure that they are authentic and are not infected with mycoplasma. (ii) Check cell confluence the next morning. ? troublesHootInG (iii) Aspirate the medium from the cells and add 7 ml of fresh complete F medium to each well. (iv) Place the six-well plate in an incubator (37 °C, 5% CO 2 ) equipped with a microscope, camera and time-lapse recording system.  crItIcal step Prepare the incubator by setting an appropriate temperature, CO 2 concentration and humidity level. Prewarm the plate to 37 °C before placing it in the incubator in order to eliminate water condensation, which degrades visibility. ? troublesHootInG (v) Check the visibility and condition of the cells and choose fixed points as areas the pictures will be taken from (as required by the software). (vii) Analyze the data using Acea RT-CA software, which is included with the xCELLigence RTCA DP system.
? troublesHootInG Troubleshooting advice can be found in table 3. We have not observed any consistent differences between the growth rates of normal and tumor cells from the same tissue. The viability of cells at the initial plating from dissociated tissue is 80-90% (using trypan blue staining).
It is important to note that normal and tumor CR cell cultures can be generated from the same patient, including for rare tumors such as adenocystic carcinoma of the salivary gland and neuroendocrine cervical cancer, for which few or no cell lines exist. CR cultures are suitable for early-stage, late-stage, low-grade, high-grade and metastatic tumors, which should aid tremendously in investigating progression from pre-neoplastic to neoplastic to metastatic states. Furthermore, CR cultures make an in-depth analysis of tumor heterogeneity possible, as they preserve the cellular diversity of tumors. Finally, CR cell cultures can be generated from xenograft and organoid tissue, suggesting that these three platforms can work in synergy to advance research into both normal and cancer cell biology using primary human-tissue-derived cells 51 .
As CR cells maintain developmental potential and differentiate into 3D cultures representative of their tissue of origin in vitro or in xenografts upon removal of CR conditions, developmental abnormalities associated with specific tumor cells can be analyzed by immunohistochemical analysis of frozen or paraffin-embedded sections. coMpetInG FInancIal Interests The authors declare competing financial interests: details are available in the online version of the paper.
